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ABSTRACT: Our previous investigation demonstrated the expression in Eimeria tenella sporulated oocysts of an aminopeptidase
(AP) with strong homology to AP N. To further understand the role of proteases during development, we investigated the
molecular and biochemical properties of E. tenella AP. Greater than 95% AP activity was present in a soluble extract during
sporulation of oocysts with highest activity in fully sporulated oocysts. The AP activity was inhibited by the AP inhibitors bestatin
and 1,6-phenanthroline, but not by serine protease inhibitors. The AP had specificity for synthetic endopeptidase substrates that
contain arginine, alanine, or glycine at the N terminus. Partial purification of the enzyme yielded a major protein band with an
Mr of about 106 kDa and an isoelectric point (Ip) of 5.1. Reverse transcription-polymerase chain reaction indicated that the gene
for AP is expressed during sporulation, but expression is absent or greatly reduced in the sporozoites and merozoites. On the
basis of the deduced gene structure, the predicted Mr is 110 kDa with a pI of 5.59. Database search indicates that the E. tenella
AP shares significant homology with the AP from Apicomplexan taxa: Toxoplasma gondii, Cryptosporidium parvum, and Cryp-
tosporidium hominis. Together, these results confirm the presence of a cytosolic AP related to AP N, which is expressed and
active during sporulation of E. tenella oocysts.

The malabsorption, reduced weight gain, and decreased ef-
ficiency of feed conversion resulting from the parasitism of the
intestinal tract by several species of Eimeria causes significant
economic losses to the poultry industry, which are estimated to
be more than $800 million annually (Williams, 1998; Allen and
Fetterer, 2002). Considerable interest is focused on the biology
of the intracellular stages (sporozoites and merozoites, SZs and
MZs, respectively) of the parasite because of their involvement
with pathology (Allen and Fetterer, 2002) and their association
with the host immune response (Jenkins, 1998; Lillehoj and
Lillehoj, 2000). Less interest has focused on molecular and bio-
chemical processes in the oocysts, the free-living infective stage
of Eimeria spp.

Results of a recent characterization of genes differentially
expressed during sporulation of E. tenella indicated an amino-
peptidase (AP) with strong homology to AP N that may be
developmentally regulated during sporulation (Miska et al.,
2004). Aminopeptidase is a family of widely distributed exo-
peptidases that participate in many significant biological pro-
cesses such as protein maturation, hormone production, and
peptide digestion. Aminopeptidases have been demonstrated in
several apicomplexan genera in which they have important
functions in host cell invasion, immune responses, digestion,
and excystment (Okhuysen et al., 1994; Nankya-Kitaka et al.,
1998; Berthonneau et al., 2000; Padda et al., 2002). So far,
characterization of AP from Eimeria spp. is limited. Multiple
forms of AP from E. tenella unsporulated oocysts have been
reported (Wang and Stotish, 1978) and leucine APs (LAPs)
from Eimeria falcimformis was purified and characterized
(Kaga et al., 1998). Due to the potential importance of APs in
the regulation of biochemical processes during development,
we report the partial purification and characterization of AP
during sporulation of E. tenella oocysts.

MATERIALS AND METHODS
Host and parasites

Chickens (80–100 white leghorn–Rhode Island red sex-sals, Moyers
Hatcheries Inc., Quakertown, Pennsylvania), 4–5 wk of age, were in-
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fected orally with 1.0–1.25 3 105 E. tenella (Wampler strain) oocysts
per bird. On day 7 postinoculation (PI), birds were killed by cervical
dislocation and the ceca were removed. Oocysts were recovered from
infected ceca and sporulated as previously described (Fetterer and Bar-
field, 2003).

For studies of sporulation time-course, oocysts were suspended in
phosphate-buffered saline (PBS) containing an antibiotic/antimycotic
mixture (Gibco, Gaithersburg, Maryland) and incubated under aeration
at 41 C. At the desired time interval (ranging from 0 to 72 hr), an
aliquot containing about 1 by 108 oocysts was removed from the in-
cubation flask, centrifuged, and the pelleted oocysts resuspended in 1.0
ml of 40 mM Tris and stored at 270 C.

Sporozoites were prepared from fully sporulated oocysts (less than
30 days postharvest) as previously described (Fetterer et al., 2004).
Merozoites were collected from ceca at 108 hr PI from birds inoculated
orally with 3 3 105 sporulated oocysts per bird. Merozoites were pu-
rified as described for SZ. Isolated SZ and MZ were resuspended in 40
mM Tris and frozen at 270 C.

Protein extract

Oocysts (1 by 108) suspended in 1 ml of 40 mM Tris or PBS were
placed in 1.5-ml capped microfuge tubes containing 0.5 g of 0.5-mm
glass beads and homogenized with a minibead-beater (BioSpec Prod-
ucts, Bartlesville, Oklahoma). Soluble extracts were prepared as previ-
ously described (Fetterer and Barfield, 2003). In some experiments, the
buffer-insoluble material from oocysts was extracted with 0.2% t-oc-
tylphenoxypolyethoxyethanol (TX-100, Sigma St. Louis, Missouri) in
40 mM Tris pH 8.0 for 20 min at 4 C and centrifuged at 20,000 g, 4
C for 20 min and the supernatant retained as the TX-100 soluble frac-
tion.

Sporozoites and MZs (3–5 by 108) were suspended in 0.5 ml of 40
mM Tris and homogenized with a sonic cell disruptor while maintained
on ice. Homogenates were centrifuged at 104,000 g at 4 C and super-
natants were retained as the soluble extract. Concentrations of soluble
proteins were measured with a bicinchoninic acid assay (Pierce, Rock-
ford, Illinois) with bovine serum albumin as the standard.

Enzyme assays

Aminopeptidase activity was measured using modifications of pre-
viously described methods (Rhoads and Fetterer, 1998) using synthetic
peptidyl-7-amino-4-methyl coumarin (AMC) substrates unblocked at
the N-termini (exopeptidase substrates). The AMC substrates (Bachem,
Torrance, California) were dissolved in dimethyl sulfoxide (DMSO) at
a concentration of 20 or 40 mM and diluted 10-fold in the assay buffer
(AB; 50 mM Tris, pH 7.5) before addition to the assay. In some ex-
periments, porcine LAP (E.C. 3.4.11.2, Sigma) was used as a positive
control. The assay consisted of 170 ml of AB, 10 ml of enzyme prep-
aration, and 20 ml of substrate in a 200-ml total volume. The enzyme
inhibitors bestatin (BST) and 1,10-phenanthroline (PHEN) (Sigma) and
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phenylmethylsulfonylfluoride (PMSF, Sigma) were dissolved in DMSO
and diluted with AB, while 4-(2-aminoethyl)-benzesulfonyl fluoride
(AEBSF, Roche, Mannheim, Germany) was dissolved in AB. Inhibitors,
when used, were added in a 10-ml volume and allowed to incubate with
enzyme for 10 min at room temperature before addition of substrate to
start the reaction. Fluorescence was monitored (absorbance 380 nm,
emission of 460 nm) in a microplate spectroflourimeter (Molecular De-
vices, Sunnyvale California). Assays were generally performed at 37 C
for 10 or 15 min, while assays of chromatography fractions were con-
ducted for 30 to 60 min. Enzyme activity was calculated as nanomoles
of substrate per minute per milligram of protein.

Electrophoresis

Protein samples were analyzed by polyacrylamide gel electrophoresis
(denatured and reduced) using 1-mm-thick gradient minigels (8 by 9
cm, 4–12% Bis Tris; Invitrogen, Carlsbad, California), fixed, and
stained as previously described (Fetterer and Barfield, 2003). Nonden-
aturing substrate gels were performed using 12% Tris-glycine minigels
(Invitrogen) with 25 mM Tris and 125 mM glycine as a running buffer.
Samples were dissolved in sample buffer (100 mM Tris, 10% glycerol
and 0.025% bromphenol blue) and separation was performed at 125 V
for about 90 min. Gels were washed 3 times by incubation in 20 ml of
AB for 20 min each then incubated for 40 min in AB containing 40
mM L-argAMC. Bands were visualized on a UV transilluminator.

Protein fractions were separated by vertical gel isoelectrofocusing
(IEF) using precast gels (pH 3–10; Invitrogen) as previoulsy described
(Rhoads and Fetterer, 1998). Focusing was monitored with IEF stan-
dards (Invitrogen). Following focusing, gels were washed and bands
were visualized for enzyme activity as described above. Gels were then
fixed and stained with Coomassie blue (Simply Blue, Invitrogen) to
visualize IEF standards.

Gels were calibrated for molecular weight or isoelectric point (Ip) by
comparison with standards, and digitally photographed and analyzed
with gel-imaging software (Labworks, UVP, Upland, California).

Enzyme purification

Soluble protein from sporulated oocysts (2 to 3 mg) in 40 mM Tris
pH 8.0 was injected onto a high-performance liquid chromatography
(HPLC) anion exchange column (DEAE 5PW, Protein-Pak, 7.5 by 75
mm steel, Waters, Milford, Massachusetts). The mobile phase consisted
of 0.05 M Tris pH 8.0 (A) and 0.05 M Tris, 1.0 M NaCl, pH 8.0 (B).
The flow rate was 1.0 ml per min at 22 C. The column was eluted with
solvent A for 10 min, followed by a linear gradient from 100% A, 0%
B to 50%A, and 50%B in 35 min. Aliquots were collected at 0.5-min
intervals (0.5 ml) and absorbency was monitored with a photodiode
array detector (PDA, Waters Model 996). The 0.5-ml aliquots were
pooled on the basis of AP activity. After dialysis against PBS and con-
centration to about 300 ml, the fraction enriched for the AP activity was
further purified by size exclusion (SEC) HPLC. The sample was applied
to G-250 (Phenomenex, Torrance, California) and I-125 (Waters) in
SEC columns in series. The columns were eluted with 50 mM KH2PO4

containing 0.15 M NaCl pH 7.0, for 30 min at 22 C, with a flow rate
of 1 ml/min and absorbance monitored with a PDA detector. Aliquots
(0.5 ml) were collected, dried under vacuum, resuspended in sample
buffer, and analyzed by polyacrylamide gel electrophoresis and by silver
staining.

Sequence and evolutionary analyses

To identify the structure of AP in the genome of E. tenella, a 246
base pair (bp) gene fragment, which was identified through random
screening of an E. tenella subtracted cDNA library constructed from
sporulated oocysts (Miska et al., 2004) (GenBank accession number
CF983608), was used to search the E. tenella genome using the
OmniBlast server located at the Sanger Institute (http://www.sanger.
ac.uk/cgi-bin/blast/submitblast/eptenella/omni). In an effort to determine
whether AP homologues exist in other Apicomplexans, we searched the
protist enhanced sequence tag (EST) databases maintained by The In-
stitute for Genomic Research (TIGR) (http://www.tigr.org/tdb/tgi/pro-
tist.shtml) using the nucleotide Basic Local Alignment Search Tool
(BLASTN) (Altschul et al., 1990). Amino acid alignments were con-
structed using the ClustalX software (Thompson et al., 1997) with minor
manual corrections. Conserved domains for peptidases were identified

using SMART (a Simple Modular Architecture Research Tool), which
allows the identification and annotation of genetically mobile domains
and the analysis of domain architectures (Schultz et al., 2000).

Developmental expression of the AP gene

All tissues used in RNA isolation were snap-frozen following puri-
fication and were stored at 270 C until use. Total RNA was isolated
from MZs, SZs, sporulated oocysts, and unsporulated oocysts of E.
tenella using TRIzol (Invitrogen). Each sample was combined with ap-
proximately 3 g of diethylpyrocarbonate (DEPC)-treated Pyrex beads
(3-mm diameter) (Corning, New York) and 10 ml of TRIzol. The sam-
ple was vortexed for 1 min, then incubated on ice for 1 min (43). The
remainder of the total RNA isolation protocol was carried out using the
manufacturer’s recommended instructions. The resulting pellets contain-
ing total RNA were resuspended in DNase/RNase-free water (Invitro-
gen) and were stored until cDNA synthesis at 270 C. Before cDNA
synthesis, a portion of the E. tenella total RNA was treated with DNase
I (Invitrogen) using the manufacturer’s instructions. Complementary
DNA was synthesized from 0.8 mg of total RNA using the recom-
mended instructions provided with the Advantage RT for PCR kit (BD
Biosciences Clontech, Palo Alto, California) using oligo dT or random
hexamer primers. Aminopeptidase transcripts were amplified from 5.0
ml of cDNA with Taq DNA polymerase (CLP, San Diego, California)
in the presence of 10 mM primer. Forward primer KM132b located in
exon 2 (59-TCGATGACGCTAACACGAAGG-39) was used in combi-
nation with reverse primer KM133b, located in exon 6 (59-AGCAA-
GAACACGCTCGAAAT-39) to amplify the transcript from E. tenella
cDNA. The amplifications were carried out as follows: denaturation, 94
C for 30 sec; annealing, 65 C for 30 sec; extension, 72 C for 1 min;
and a final extension of 5 min at 72 C. Cycles 2–4 were repeated 30
times.

RESULTS

Enzyme activity

Aminopeptidase activity as measured by hydrolysis of the
synthetic substrate L-argAMC was detected in soluble extracts
of all the E. tenella developmental stages examined (Fig. 1A).
The AP activity was highest in the extracts from the 72-hr spor-
ulated oocysts and declined in the SZ and MZ stages. In the
unsporulated and sporulated stages, 95% and 99% respectively,
of the AP activity was detected in the soluble fraction relative
to the TX-100 extracted fraction (data not shown). The AP ac-
tivity was significantly inhibited by both PHEN and BST with
the concentration required to inhibit AP activity by 50% was
about 100 mM for BST and 750 mM for PHEN (Fig. 1B). The
serine protease inhibitors AEBSF and PMSF were without ef-
fect at a concentration of 1,000 mM (data not shown).

Substrate specificity of the soluble AP from sporulated oo-
cysts relative to hydrolysis of L-arg AMC (1.0) indicated L-
glyAMC and L-alaAMC were hydrolyzed at a very similar rate
to that of L-arg (1.04); followed by L-LysAMC (0.7) and L-
LeuAMC (0.32); and L-GlucAMC, L-ProAMC, and L-Phen-
AMC (, 0.1).

Substrate gels

Substrate gel electrophoresis was performed to determine
whether multiple forms of the AP are expressed during devel-
opment. Nondenaturing gel electrophoresis of oocyst-soluble
proteins after 0 to 72 hr of sporulation indicate a primary, single
band of enzyme activity after incubation with L-argAMC as a
substrate. Very minor bands with higher mobility were ob-
served for some of the time points (Fig. 2A). Porcine LAP had
a lower mobility than that of AP activity from oocysts. Iso-
electric focusing substrate gels indicate that soluble extracts
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FIGURE 1. Aminopeptidase (AP) activity of soluble extracts from E.
tenella. A. Aminopeptidase activity in oocysts from 0 to 72 hr of spor-
ulation and sporozoites (SZ) or merozoites (MZ). The assay was per-
formed using L-argAMC as substrate. Assays were incubated for 15 min
at 37 C. Values are means of 3 measurements with vertical bars rep-
resenting 1 SD. B. Effect of the AP inhibitors bestatin (circles) and
phenantholine (triangles) on hydrolysis of L-argAMC by soluble ex-
tracts of E. tenella sporulated. The inhibitors were incubated for 5 min
with extract before addition of L-argAMC to start the reaction and then
incubated for 15 min at 37 C. Values are means of 3 replicates.

FIGURE 2. Substrate gel electrophoresis of soluble extracts from E.
tenella oocysts. A. Nondenaturing gel electrophoresis of E. tenella spor-
ulated oocysts from 0 to 72 hr of sporulation. Porcine leucine amino-
peptidase (LAP) was included as a positive control. B. Isoelectric fo-
cusing (IEF) substrate gels of unsporulated (UO) and sporulated (SP)
oocysts. Arrows indicate calculated Ip for extracts from oocysts and
LAP.

from unsporulated and sporulated oocysts also had single bands
of activity corresponding to an Ip of 5.1, whereas LAP had an
Ip of 4.3 (Fig. 2B).

Purification

Aminopeptidase in the soluble fraction of sporulated oocysts
was enriched about 10.5-fold (28% yield) after initial fraction-
ation by HPLC-AX chromatography and 220-fold (2% yield)
by second-step HPLC-SEC chromatography (Fig. 3A). Electro-
phoretic analysis of the purified fraction indicates a prominent
protein of 105 kDa with a less abundant band of 82 kDa (Fig.
3B).

Developmental expression of AP during E. tenella
life cycle

Aminopeptidase transcripts were amplified from E. tenella
cDNA synthesized from oocysts at different sporulation time
points, as well as SZs, and MZs. The primer pairs used in am-
plification were designed to span an intron; therefore, polymer-
ase chain reaction (PCR) products generated from cDNA were
smaller than intron-containing products amplified from genomic
DNA (Fig. 4). The expected size of products amplified from
cDNA was 910 base pairs (bp), while those amplified from
genomic DNA were 1,672 bp in length. The reverse transcrip-
tion-PCR results are shown in Figure 4, and it is clear that AP
is expressed during sporulation. However, it appears that as
sporulation progresses, transcript levels are decreased, with lit-
tle or no detectable AP expression observed in SZs and MZs.

Genomic organization cDNA structure of E. tenella AP

The E. tenella AP was initially located by performing a
BLAST search using a partial-length cDNA isolated from E.
tenella sporulated oocysts to search the sequence of the E. te-
nella genome. A single match was found in a segment in contig
12747 that consists of 412,739 nucleotides of E. tenella DNA.
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FIGURE 3. Purification of AP activity from E. tenella sporulated oo-
cysts. A. Anion exchange HPLC separation of proteins (absorbance 280
nm, solid line) and activity with L-argAMC as substrate AP activity
(fluorescence intensity, F.I.; circles). Fractions containing AP activity
were pooled and applied to an HPLC-size exclusion column (inset).
Fractions containing AP activity (circles) were pooled and analyzed by
gel electrophoresis. B. Silver-stained gels containing unfractionated
starting material (UF), anion exchange (AX), and size exclusion (SEC)
separations.

FIGURE 4. Expression of aminopeptidase in developmental stages of
E. tenella. Transcripts were amplified from cDNA synthesized from
oocysts at different sporulation time points (0–72 hr), as well as from
sporozoites (SZ), and merozoites (MZ). The expected products ampli-
fied from cDNA were 910 bp in length, whereas those amplified from
genomic DNA (gDNA) were 1,672 bp in length. Standards are given
in kilobase pairs.

Eimeria tenella AP most likely represents a single-copy gene
because only a single significant (E-value , 1 by 10220) match
was found during the genome search. To determine the putative
intron/exon boundaries, the sequence likely to contain AP was
compared with known APs. Additionally, exons 2–7 and 9–11
were confirmed by obtaining cDNA sequence. The deduced
structure of E. tenella AP is shown in Figure 5. The gene con-
sists of 13 exons and 12 introns. The open reading frame spans

2,772 bp, encoding 923 amino acids. On the basis of this se-
quence, the predicted molecular weight of E. tenella AP is ap-
proximately 104 kDa, with a pI of 5.59. The putative amino
acid sequence is shown in an alignment (Fig. 6). By searching
the protist EST database maintained by TIGR we were able to
identify tentative contigs (TCs) composed of overlapping ESTs
that share significant homology to E. tenella AP from several
apicomplexan taxa (i.e., Toxoplasma gondii, Cryptosporidium
parvum, and Cryptosporidium hominis. The sequences from
these 3 species encode a full-length AP, and the amino acid
translations are shown aligned in Figure 6. Because plant APs
also show sequence homology to the protozoan gene the se-
quence of Arabadopsis thaliana, AP N is also included for com-
parison.

DISCUSSION

A previous study indicated the expression of an AP gene in
E. tenella sporulated oocysts (Miska et al., 2004). The present
result confirms the presence of an AP in the oocyst that appears
to be closely related to AP N. Consistent with properties of an
AP, the hydrolysis of synthetic substrates by oocyst extracts was
inhibited by both the AP inhibitor BST and the metal chelator
PHEN, but not by the serine proteases inhibitors AEBSF and
PMSF. Hydrolysis of exopeptidase substrates was observed in
oocyst extracts, but levels of enzyme activity were about 10-
fold less than that of AP and were inhibited by serine protease
inhibitors, but not by BST or PHEN (R. Fetterer, unpubl. obs.),
indicating that the hydrolysis of the endopetidase substrates is
due to AP. The AP displayed substrate preference for N-ter-
minal arginine and alanine typical of AP N, and leucine was
hydrolyzed at a 70% lower rate, suggesting the enzyme is not
a leucine AP. However, a phenylalanine substrate was not sig-
nificantly hydrolyzed, differing from the substrate specificity of
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FIGURE 5. Intron/exon organization of E. tenella aminopeptidase.

FIGURE 6. Amino acid alignment of aminopeptidase from 4 species of protozoa (E. tenella, T. gondii, C. parvum, and C. hominis), and a
single plant species, A. thaliana. Dashes indicate sequence identity and dots indicate gaps in sequence. The position of the conserved zinc ion
ligand (L), both the conserved residue involved in catalytic site (C) and conserved proton donor (D), are indicated in bold on top of the sequence.

an AP N from C. parvum (Okhuysen et al., 1994). Preference
for glycine at the N terminus is characteristic of glycyl APs
found primarily in bacteria (Rawlings and Barrett, 1995) and
is, interestingly, consistent with a conserved domain for glycyl
AP observed in the AP gene structure.

The E. tenella AP gene has a high degree of homology to
AP N, primarily from plant and bacterial origin. The highest
homology was observed with A. thialiana AP N. There is also
significant homology with apicomplexan AP, including AP N

from C. parvum, C. hominis, and T. gondii. From the amino
acid alignment, it is also clear that APs are highly diverse pro-
teins, with the N and C termini exhibiting high heterogeneity,
while the middle parts of the protein (approximately from 200
to 530 amino acids) show a higher degree of conservation and
contains conserved domains for AP and glycyl AP. The putative
zinc ion ligand, the glutamyl residue involved in catalysis, and
the conserved putative proton donor are all present in the se-
quence consistent with a function as a metalloexopeptidase. The
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molecular analysis of the deduced gene structure indicates that
the E. tenella AP is present as a single-copy gene. This result
corroborates findings in C. parvum, which also indicate that in
this species AP exists as a single-copy gene. Additionally, the
E. tenella AP appears to be a single molecular species as in-
dicated by the presence of single bands by native gel electro-
phoresis and isolectric focusing. These findings are in contrast
to an older study that indicated the presence of 3 LAP isozymes
during sporulation (Wang and Stotish, 1978). The reasons for
the discrepancies are unclear, but because the previous authors
used LAP substrates, they may be detecting a different enzyme
than reported in the present study. The E. tenella AP gene se-
quence lacks transmembrane segments and little AP activity is
associated with the detergent-extracted fraction, suggesting the
enzyme is cyctosolic. The AP from T. gondii tachyzoite (TZ)
is also predominantly soluble (Berthonneau et al., 2000). How-
ever, the AP N gene from C. parvum also lacks transmembrane
domains, but the enzyme is found nearly exclusively in the
detergent-soluble fraction and is associated with the SZ surface
membrane (Padda et al., 2002), suggesting that the transmem-
brane segments may not be predictive for cellular location of
this enzyme. Studies to further localize the E. tenella AP are
in progress and will aid in determining more precisely the cel-
lular location of the enzyme.

Although purification to homogeneity was not obtained in the
current study, a fraction highly enriched in AP was obtained
containing a major band with an Mr of 106 kDa, which is quite
close to the Mr predicted from the gene sequence (110 kDa).
The Mr observed for E. tenella AP is larger than that observed
for C. parvum (89 kDa), and is identical to the Mr of 110 kDa
reported for T. gondii AP (Berthonneau et al., 2000). In addi-
tion, the experimentally determined Ip of the AP (5.1) is similar
to that predicted from the gene sequence (5.8). The Mr and Ip
for am AP from Eimeria falciformis that hydrolyzed a leucine
substrate from sporulated oocysts were 50 and 8.6 kDa, re-
spectively (Kaga et al., 1998). The differences in Mr and Ip
from those for E. tenella suggest that the E. falciformis AP is
a different enzyme, possibly LAP, than that of the AP reported
in the present study.

The function of AP during E. tenella sporulation is specu-
lative, but the enzyme is probably involved in the extensive
protein processing that most likely occurs during the rapid de-
velopment of the oocysts. Aminopeptidase was detected at all
time points examined during the course of E. tenella sporulation
with lesser activity in the SZ and MZ stages, supporting a con-
clusion that the AP appears to be primarily associated with
sporulation. Expression of the AP gene during sporulation was
observed, but little if any expression was noted in the SZ or
MZ stages. Although only qualitative in nature, this observation
also suggests a diminished role for AP in the intracellular stag-
es. This is in contrast to an observation of the AP from other
Apicomplexa that suggest a significant role for AP in the intra-
cellular stages. Significant levels of AP are observed in T. gon-
dii tachyzoites and AP inhibitors reduce cell invasion and
growth in vitro. Cryptosporidium parvum sporulated oocysts
contain an AP that is associated with excystment and may be
located on sporozoite surface membranes (Okhuysen et al.,
1994). Aminopeptidases in Plasmodium chaubaudi and Plas-
modium falciparum are associated with terminal digestion of
hemoglobin by the intracellular stages, and AP inhibitors also

reduce growth and development of the parasite (Nankya-Kitaka,
1998). Although the expression and enzyme levels of AP are
reduced in E. tenella SZs and MZs, it is possible that AP or a
related enzyme plays an important function in these extracelluar
stages. Studies are in progress to examine the effect of AP
inhibitors on cell invasion and intracellular growth.

Knowledge of the occurrence and function of proteolytic en-
zymes in development of E. tenella is minimal. Of the 4 major
catalytic classes of peptidases, only aspartic proteases (eimep-
sin) are developmentally regulated (Jean et al., 2001). Limited
evidence suggests that serine proteases are present in the spor-
ulated oocysts and may mediate cellular invasion by SZs (Fuller
and McDougald, 1990; Milkaski et al., 1994). Consistent with
these findings, a serine protease related to subtilisin has been
shown to be expressed in the sporulated oocysts (Miska et al.,
2004), and a number of enzymes with serine protease activity
have been observed in both unsporulated and sporulated oo-
cysts (R. Fetterer, unpubl. obs.). Cysteine proteases have not
been reported from E. tenella, although homologs to known
cysteine proteases can be found in the E. tenella genome. Our
current work documents that a proteolytic enzyme of the me-
talloprotease class related to AP N is present during develop-
ment of oocysts and most likely function in protein processing,
but its precise role as well as the more general role of proteases
during development, has yet to be determined.
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